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TATA-box-associated basal transcription machinery
(Luo and Roeder, 1995; Schubart et al., 1996b). Promoter
selectivity is thought to be determined by the precise
sequence of the octamer motif and interaction between
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Based on in vitro and in vivo functional studies ofThe Rockefeller University
New York, New York 10021 OcaB and its expression profile, it was expected that
disruption of OcaB in mice would impair Ig gene expres-
sion and B cell development (Kim et al., 1996; Nielsen
et al., 1996; Schubart et al., 1996a). However, mice defi-Summary
cient in OcaB showed only a 2-fold decrease in the
numbers of mature B cells, a partial defect in immature BOcaB, a transcriptional coactivator also known as
cell development, and no GC formation. Most important,Bob-1 or OBF-1, was isolated on the basis of its ability
OcaB/ mice appeared to have normal Ig gene expres-to enhance transcription of immunoglobulin (Ig) genes
sion and the target genes for OcaB were not identified.in vitro. Paradoxically, OcaB/ mice showed no ap-
Here we show that kappa light chains are specificparent deficiency in Ig gene transcription, only cellular
targets of OcaB in B lymphocytes and that OcaB isimmune defects including absence of germinal cen-
required for transcription and V(D)J recombination of aters (GC) and decreased numbers of immature B cells;
subset of V genes in vivo.the genes targeted by OcaB were not determined.
Here we report that OcaB is essential for V(D)J recom-
bination of a subset of Ig genes. We show that OcaB Results
modulates recombination by directly enhancing Ig
gene transcription in vivo. Aberrant Expression of Prerecombined V Genes
in OcaB/ Mice
OcaB/ mice have fewer immature B cells than wild-Introduction
type mice (Schubart et al., 2000). The immature B cell
compartment is composed of cells with newly assem-Efforts to understand lineage-specific gene expression
in B lymphocytes led to the discovery of the octamer bled immunoglobulins that are being tested for self-
reactivity. Cells expressing anti-self-specific antibodiesmotif ATGCAAAT, which is found in all Ig gene promoters
and enhancers and binds the transcription factors Oct-1 or incompatible heavy and light chains have their recep-
tors replaced by continued V(D)J recombination (recep-and Oct-2 (Staudt and Lenardo, 1991). A role for the
octamer in regulating tissue-specific gene expression tor editing), or if editing fails they are silenced by deletion
or anergy (Gay et al., 1993; Goodnow et al., 1988; Nem-was confirmed by experiments with synthetic immuno-
globulin promoters (Dreyfus et al., 1987; Wirth et al., azee and Burki, 1989; Nussenzweig, 1998; Tiegs et al.,
1993). Receptor editing plays a major role in shaping1987). Constructs containing the octamer and a TATA
box were active in transfected B cells but not in fibro- the antibody repertoire, accounting for 25% of all immu-
noglobulins (Casellas et al., 2001). A typical example ofblasts (Dreyfus et al., 1987; Wirth et al., 1987). However,
the octamer element and the Oct-1 and Oct-2 proteins an editing reaction would be deletion of a self-reactive
VJ by recombination of an upstream V and a down-that bind to it are also essential for transcription of ubiq-
uitously expressed genes such as histone H2B and small stream J. When self-reactive B cells initiate the editing
reaction, secondary recombination occurs on both Ig-nuclear RNAs (LaBella et al., 1988; Parry et al., 1989).
How a single cis-element might direct both tissue- bearing chromosomes and only 1/3 of all recombination
reactions are in-frame. Thus, the newly edited Ig genespecific and ubiquitous gene expression was clarified
by the discovery of the B cell-specific coactivator OcaB might be on either chromosome.
To determine whether abnormality in the immature B(also termed Bob-1 or OBF-1) (Gstaiger et al., 1995;
Luo and Roeder, 1995; Strubin et al., 1995). OcaB is cell compartment in OcaB/ mice might result from
impaired receptor editing, we measured editing in hCexpressed specifically in B cells, and high levels of OcaB
are induced during the germinal center reaction (Greiner mice (Casellas et al., 2001) that were OcaB deficient. In
mice that are heterozygous for hC, editing of prerecom-et al., 2000; Qin et al., 1998). It associates with Oct-1
or Oct-2 and enhances their DNA binding affinity by bined Vgenes can be visualized using monoclonal anti-
bodies specific for human and mouse C (Casellas etclamping their POUH and POUS subdomains (Chasman
et al., 1999; Sauter and Matthias, 1998). The octamer/ al., 2001). In the absence of editing, the prerecombined
mouse V genes are expressed on the B cell surface,OcaB/Oct-1(2) ternary complex is thought to activate
Ig gene transcription by specific interactions with the whereas B cells that edit express either a novel mC or
hCgene (Casellas et al., 2001). We focused our analysis
on four prerecombined Ig genes (V8, VHEL, V4,4 Correspondence: nussen@rockefeller.edu
and V3-83) representing different V families. We found5 Present address: Division of Biology, California Institute of Technol-
ogy, Pasadena, California 91125. that the number of B cells expressing V8 and VHEL
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Figure 1. Editing and Exclusion of Prerecombined VJ Genes OcaB/ Mice
(A) Receptor editing in Ig-targeted mice measured by cell surface mC (or 3-83) and hC expression on B220lowIgMhigh bone marrow immature
B cells from IgV8/h, IgHEL/h, IgV4/h, and Ig3-83/h mice (diagrams on the left depict the targeted loci). Left and right dot plots are representative
of seven independent experiments on OcaB/ and OcaB/ mice, respectively. Numbers indicate percentage of immature B cells. The anti-
3-83 antibody was raised in Ig/ mice (Casellas et al., 2001) and stains V3-83 light chains brightly but also shows low-level staining on
other V proteins. Edited cells are hC positive, regardless of mC cell surface expression as defined in Casellas et al. (2001).
(B) Flow cytometry analysis of splenocytes from IgH3H9/IgV4/hOcaB/ (left) and IgH3H9/IgV4/hOcaB/ (right) mice. Diagram on the left
represents the targeted loci. Numbers specify percentage of B220 splenic B cells.
(C) Retention or deletion () of the V4-J4 gene in OcaB/ (blue bars) and OcaB/ (yellow bars) hybridomas determined by genomic PCR
(as in Prak and Weigert, 1995).
(D) Left, OcaB expression in IgH3H9/IgV4/hOcaB/ B cells before (/) and after fusion to the myeloma cell line (samples H [hybridoma] 1
to H3). Right, secretion of antibodies with two light chains (mC and hC) from Igm/hOcaB/ and IgH3H9/IgV4/hOcaB/ hybridomas measured
by ELISA using -hC capture and -mC-HRP detection. Heterogeneity in mC protein secretion by OcaB/ hybridomas is likely due to
competition for heavy chain binding with coexpressed hCk ligh chain; see (E) and (F).
(E) Flow cytometry analysis of hybridomas obtained from OcaB/ (left) or OcaB/ (center) and SP2/0 myeloma cells (right) with anti-mC
and anti-hC antibodies. Cell surface staining is especially low in hybridoma cells in the G2/M cell cycle stages.
(F) -dsDNA ELISA on supernatants from OcaB/ (open ovals, dash line) or OcaB/ (closed ovals, filled line) hybridomas. x axis, supernatant
dilutions; y axis, relative OD units.
was unaffected by the absence of OcaB. Analysis of (3%, n  5) expressed the hC indicator allele,
whereas in OcaB/ mice almost 90% of B cells ex-bone marrow IgV8/h and IgHEL/h B cells showed that,
irrespective of OcaB expression, 13%–14% (2%, n  pressed hC light chains (Figure 1A). Similarly, in
Ig3-83/h mice, loss of staining with a monoclonal antibody5) and 8%–9% (3%, n 3) of newly formed B cells edit
the V8 and VHEL light chains by new recombination specific for 3-83 increased from 24% in OcaB/ cells
(3%, n  6) to 77% (2%, n  5) in OcaB/ B cellsevents taking place on the hC allele (Figure 1A). In
contrast, IgV4/h and Ig3-83/h B cells showed a marked (Figure 1A).
Increased expression of the hC indicator allele inshift in hC indicator gene expression in the absence
of OcaB (Figure 1A). In OcaB/ controls, only 29% IgV4/h and Ig3-83/hOcaB/ B cells could be due to ex-
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cessive V(D)J recombination and complete elimination transcriptional coactivation by OcaB is required for reg-
ulation of V expression in vivo.of the targeted mC allele (Retter and Nemazee, 1998).
Alternatively, the V4 and V3-83 light chains may simply To determine whether OcaB is required for V gene
expression per se, we measured steady-state levels offail to be expressed in the absence of OcaB. To distin-
guish between these two possibilities, we derived hy- prerecombined V4 and V3-83 mRNAs in OcaB/ and
OcaB/ control B cells by semiquantitative RT-PCR.bridomas from mice that carry prerecombined 3H9
heavy chain and IgV4/h but lack OcaB. 3H9/V4 antibod- We found a 5- to 10-fold reduction in the amount of V4
and V3-83 mRNA in the absence of OcaB (Figure 2C,ies exhibit high affinity for double-stranded DNA, and B
cells carrying these antibodies cannot develop unless left). In contrast, V8, whose editing is not altered in the
absence of OcaB, showed identical steady-state mRNAautoreactivity is vetoed by complete deletion of the V4
gene (Figure 1B; Chen et al., 1997). V4 gene replace- levels in the presence or absence of OcaB (Figure 2C,
left). To determine whether decreased levels of V4 andments occurred in approximately 85% of hybridomas
derived from IgH3H9/IgV4/OcaB/ B cells (Figure 1C; V3-83 gene expression result in altered Ig protein pro-
duction, we measured intracellular mC (or V3-83) inChen et al., 1997). In contrast, only 1 of 216 OcaB/
hybridoma clones examined had deleted () the V4- immature IgMlowB220low B cells from IgV4/h, Ig3-83/h, or
IgV8/hOcaB/ and OcaB/ mice by FACS. We foundJ4 gene by a cis-rearrangement to J5 (Figure 1C). We
conclude that replacement of the V4 gene at the mC lower levels of V4- and V3-83-mC light chains in
OcaB/ mice, while V8 production was unaffectedallele is severely impaired in the absence of OcaB, but
V(D)J recombination occurs on the hC allele in the same (Figure 2C, right). These low levels of V4- and V3-83-
mC intracellular expression (21%–27%) persisted incells. Thus, IgH3H9/IgV4/OcaB/ B cells express hC
light chains on the cell surface but they also retain the mature recirculating (IgMlowB220high) IgV4/h and Ig3-83/h
OcaB/ cells, although surface mC expression wastargeted V4 gene in its original configuration, sug-
gesting that the V4 (and V3-83, Figure 1A) light chains undetected by FACS (Figure 1A, rows 3 and 4). We
conclude that OcaB deficiency results in diminished ex-require OcaB for expression in vivo.
To determine whether the OcaB expressed by the pression of prerecombined V4 and V3-83 but not V8
light chain genes.SP2/0 fusion partner in the hybridomas (Figure 1D, left)
can restore expression of V4 light chain, we examined
the antibodies secreted by IgH3H9/IgV4/hOcaB/ hy- OcaB Regulates V Germline Transcription
bridomas by ELISA. We found that most IgH3H9/IgV4/h and V(D)J Recombination
OcaB/ hybridomas secreted antibodies with mC Germline transcripts initiate upstream of V genes before
and hCk light chains while control Igm/hOcaB/ B cells or concomitant with V(D)J recombination (Schlissel and
did not (Figure 1D, right). Moreover, both hC and mC Baltimore, 1989; Yancopoulos and Alt, 1985). To deter-
proteins were expressed on the surface of IgH3H9/IgV4/h mine whether OcaB is required for germline V gene
OcaB/ hybridomas as determined by FACS analysis expression, we measured germline transcripts by RT-
(Figure 1E). Finally, the IgH3H9/IgV4/hOcaB/ double PCR from IgMCD25 cell-sorted OcaB/ and OcaB/
producers expressed the 3H9/V4 anti-dsDNA antibod- preBII cells (depicted schematically in Figure 3A). We
ies as determined by ELISA, whereas the control hybrid- found that germline transcription of V3-83 and V4
omas did not (Figure 1F). The level of -dsDNA antibody was markedly diminished in the absence of OcaB, while
production varied between hybridomas as would be ex- transcription of VHEL appeared unaffected (Figure
pected if each hybridoma produced a distinct hC with 3A). This decrease in germline transcription was associ-
unique abilities to compete with V4 light chain for 3H9 ated with a reduction of V3-83 rearrangement in
heavy chain binding. We conclude that IgH3H9/IgV4/h OcaB/ B cells. In contrast, V8 recombination was
OcaB/ lymphocytes fail to establish Ig allelic exclu- unaffected by the absence of OcaB (Figure 3B). We
sion and possess two in-frame light chain genes. conclude that V germline transcription and primary re-
combination are OcaB dependent.
V Expression Is Regulated by OcaB
OcaB enhances transcription by a mechanism that re- Accessibility of OcaB-Dependent V Genes
Transcription, CpG demethylation (Engler et al., 1993;quires extensive contacts between its short -helical
segment and the POU domain of Oct-1 (Chasman et al., Whitehurst et al., 2000), and histone acetylation have all
been implicated in regulating accessibility of antibody1999). Leu32 resides in the  helix domain of OcaB, and
Leu32Pro mutation specifically abrogates OcaB/Oct-1 in- and T cell receptor genes for V(D)J recombination (Kwon
et al., 2000; McMurry and Krangel, 2000; Stanhope-teractions, thereby abolishing OcaB’s transcriptional
activity (Gstaiger et al., 1996). To examine whether the Baker et al., 1996). While methylation is believed to in-
hibit binding of trans-acting factors to DNA, acetylationeffect of OcaB on expression of V genes depends upon
its transcriptional enhancing activity, we performed of N-terminal tails of histones appears to unfold higher-
order chromatin into an open configuration to facilitatecomplementation experiments with retroviruses car-
rying either wild-type or the Leu32Pro OcaB mutant gene expression (Grunstein, 1997). To determine
whether altered V(D)J recombination in OcaB/ mice(OcaB L32P) (Figure 2A). Retroviral expression of wild-
type OcaB in developing IgV4/hOcaB/ B cells recon- is a function of loss of CpG demethylation or histone
acetylation, we examined the V4 gene in IgV4/hstituted cell surface expression of V4-mC light chains
to near normal levels (Figure 2B). In contrast, OcaB L32P OcaB/ and IgV4/hOcaB/ B cells. We found no differ-
ence in CpG methylation or histone H3/H4 acetylationwas unable to restore expression of V4-J4 in IgV4/h
OcaB/ B cells (n  2; Figure 2B). We conclude that of the prerecombined V4 locus between OcaB/ and
Cell
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Figure 2. OcaB Regulates Transcription of Prerecombined V Genes
(A) Reconstitution strategy using retroviruses that direct the expression of wild-type and L32P transcriptional mutant OcaB.
(B) Flow cytometry analysis of spleen cells from RAG/ mice reconstituted with OcaB/IgV4/h bone marrow cells either uninfected (left) or
infected with either wild-type OcaB (middle) or L32P OcaB (right). Numbers represent percentage of gated B220GFP splenocytes. Reconstitu-
tion was carried out as described (Van Parijs, 1999).
(C) V RNA levels determined by RT-PCR on sorted preBII cell populations of IgV8/h, IgV4/h, or Ig3-83/h immature bone marrow B cells from
OcaB/ or OcaB/ mice. Serial 5-fold dilutions of cDNA were normalized to the actin control. Right, immature IgMB220low and mature
recirculating IgMB220high B cells from the same mice were stained for intracellular mC or 3-83 expression. Percentages from total gated B
cells are indicated.
OcaB/ B cells as measured by methylation-sensitive is loaded with an active transcription complex that in-
cludes Oct-1. Therefore, loss of CpG demethylation, his-single-nucleotide primer extension (Ms-SNuPE) and
chromatin immunoprecipitation, respectively (Figures tone H3/H4 acetylation, promoter loading, and even low
levels of transcription are not sufficient to render the V4A and 4B). Furthermore, despite the low levels of V4
mRNA expression, anti-Oct-1 immunoprecipitation locus accessible to the V(D)J recombinase.
OcaB interacts with Oct-1-POU domain in the contextshowed that Oct-1 was bound to the V4 promoter oc-
tamer in OcaB/ and OcaB/ B cells (Figure 4C). We of some but not all octamer motifs (Remenyi et al., 2001;
Tomilin et al., 2000). To determine whether OcaB bindsconclude that the lower mRNA levels and the lack of
V4 editing in IgV4/hOcaB/ B cells cannot be ascribed to octamer motifs from V8 and VHEL promoters,
which appear to be OcaB unresponsive in vivo, we per-to differences in CpG methylation or histone acetylation
and that, even in the absence of OcaB, the V4 promoter formed electrophoretic mobility shift assays (EMSA). We
OcaB Role in Ig Transcription and Recombination
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15-fold below that of VHEL and V8 (Figure 5A). Thus,
both sets of V promoters are OcaB responsive, but the
baseline transcription activity of V promoters affected
by the absence of OcaB in vivo (V4 and V3-83) is
considerably lower than those that are not (VHEL and
V8).
To examine whether V promoters are transcription-
ally heterogeneous under physiological conditions, we
measured their transcriptional activity in B cells by
RNase protection assays. In agreement with the trans-
fection experiments, we found that both VHEL and
V8 showed higher mRNA levels than V4 and V3-
83 light chains (Figure 5B). We conclude that, under
physiological conditions, transcription efficiency varies
between different V promoters.
To define the promoter region critical for high baseline
VHEL transcription, we exchanged segments of the
VHEL and V4 promoters (Figure 5C). We found that
transcriptional differences between these promoters
could not be attributed to either the octamer or the
TATA box but were dependent on a cis-element situated
between the TATA box and the ATG (Figure 5C, con-
struct 6). Linker-scanning mutagenesis of this region
showed that an 18 base pair element found immediately
upstream of the ATG was responsible for the high lucifer-
ase expression driven by the VHEL promoter (Figure
5D). This same element is present in the V8 but absent
from the V3-83 promoter (not shown). The 18 bp ele-
ment is located downstream of the transcription initia-
Figure 3. Germline Transcription and Primary Recombination of V tion site but may alter transcriptional activity directly as
Genes in OcaB/ Mice Carrying Wild-Type Kappa Loci has been shown for other immunoglobulin promoters
(A) Sterile transcripts from VHEL, V3-83, and V4 genes were (Pelletier et al., 1997; Tantin and Sharp, 2002). To deter-
measured by RT-PCR from sorted Igh/hOcaB/ (left) or Igh/h mine whether this element affects transcriptional activity
OcaB/ (right) small preBII cells. cDNA was serially diluted 5-fold
directly, we performed in vitro transcription reactionsand PCR amplified with Ig gene-specific or actin control primers.
comparing a wild-type HEL promoter with a promoter(B) V-J recombination of V8, and V3-83 assessed by genomic
carrying a mutated form of the 18 bp element (HEL18).PCR on sorted IgMlowB220low immature B cells from either
Igh/hOcaB/ (left) or Igh/hOcaB/ (right) animals. As in (A), isolated We find that mutation of the 18 bp motif in the HEL
genomic DNA was serially diluted 5-fold and PCR amplified in the promoter dramatically decreases the transcriptional ac-
presence of V-, J2-, or Lyn-specific primers. tivity of this promoter (Figure 5E). To determine whether
the 18 bp element might be a binding site for nuclear
factors, we performed mobility shift assays with an end-
found that all V octamers tested support Oct-1/OcaB labeled oligonucleotide containing the 18 bp motif
interaction (Figure 4D). Thus, the difference in expres- (HEL18). HeLa and Namalwa nuclear extracts con-
sion and recombination between V genes in OcaB/ tained an activity that specifically shifted the specific
mice cannot be explained simply on the basis of intrinsic probe (Figure 5F). This complex was specifically com-
differences in OcaB binding to V promoters. peted by the HEL18 oligo but not a mutant 18 bp oligo
(HEL18) or an oligonucleotide containing the HEL
octamer sequence (Figure 5G). We conclude that base-Heterogeneity of V Transcription In Vivo
line V transcription is regulated in part by a novel cis-To examine why expression of some but not all V genes
element immediately upstream of the V ATG that ap-is impaired in the absence of OcaB, we compared tran-
pears to function as binding site for a nuclear factor.scriptional activity of the affected V4 and V3-83 with
the unaffected V8 and VHEL promoters in transiently
transfected 293T cells. These cells express low levels Skewed Ig Repertoire in OcaB/ B Cells
V genes are first recombined and expressed at highof endogenous Oct-1 but not OcaB. We found that the
VHEL and V8 promoters supported low levels of tran- levels in preBII cells in the bone marrow. PreBII cells that
successfully recombine their light chain genes becomescription when transfected alone into 293T cells, and
this basal activity was increased upon expression of immature B cells, which are the first cells in the B lineage
to express antibodies. These immature cells are subjectadditional Oct-1 by cotransfection (Figure 5A). In con-
trast, V4 and V3-83 promoters showed no baseline to selection against autoantibody production, and it is
this compartment that is almost entirely missing inactivity, and only low levels of transcription were seen
with added Oct-1 (Figure 5A). Transcription from all pro- OcaB/ mice (Schubart et al., 2000). To determine
whether OcaB is required for normal light chain genemoters was enhanced upon cotransfection with OcaB,
but V4 and V3-83 promoter activity remained 5- to expression, we compared the V genes expressed in
Cell
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Figure 4. OcaB Interacts with V Promoters But Is Not Required for Oct-1 Binding to the Promoter, Histone Deacetylation, or DNA Methylation
(A) DNA methylation by Ms-SNuPE assay. Methylation status of the first CpG site of V4 CDR3 from T or B cells (indicated in capitals on top
of each column) isolated from OcaB/IgV4/h and OcaB/IgV4/h mice. The extent of methylation at the assayed CpG site equals the percentage
of T conversion (%  T  100/(C  T), depicted below each column). The C	 gene, which is actively transcribed in both mouse strains, was
used as a positive control (last column). Ms-SNuPE assay was carried out as described (Gonzalgo and Jones, 1997).
(B) H3/H4 acetylation measured by ChIP in OcaB/IgV4/h and OcaB/IgV4/h B lymphocytes. 5-fold serial dilutions of immunoprecipitated
DNA were amplified with V4-, E	-, and MyoD-specific primers. “I” represents input DNA before immunoprecipitation.
(C) Immunoprecipitation of the V4 or MyoD promoter using anti-Oct-1 antibodies from OcaB/IgV4/h and OcaB/IgV4/h splenic B cells.
(D) EMSA for Oct-1 and/or OcaB binding to HEL, V8, V4, or 3-83. MORE and PORE oligonucleotides were previously described (Tomilin
et al., 2000). The 40-mer oligonucleotide coded for a random DNA sequence and served as a negative control.
preBII cells in OcaB/ and OcaB/ mice. As in previous are characterized by the ATGCATATGCAT palindromic
motif (Remenyi et al., 2001; Tomilin et al., 2000). Heavyreports, almost half of all recombining V genes in wild-
type B cells belong to the V4/5 family (Thiebe et al., chain octamers are structurally analogous to MORE mo-
tifs, suggesting that OcaB may not interact with VH pro-1999), while the remaining Vs are uniformly distributed
among the rest of the families (Figure 6). In contrast, V moters in vivo (Tomilin et al., 2000). The normal VH reper-
toire expressed in OcaB/ animals is consistent withusage in OcaB/ mice is restricted to the V1, V4/5,
and V9/10 families, which comprise nearly 85% of all this suggestion (Schubart et al., 2000). In contrast, OcaB
does interact with light chain octamers in gel shift assaysV genes sequenced from these mice (Figure 6). We
conclude that B lymphocytes develop an abnormal V (Figure 4D; Schubart et al., 1996a), and our in vivo experi-
ments show that this interaction is physiologically rele-repertoire in the absence of OcaB.
vant. These results imply that light chain octamers are
OcaB permissive. Indeed, sequence analysis revealsDiscussion
that, in contrast to VHs, V octamers are highly homolo-
gous to the PORE motif, which allow OcaB interactionThe Role of OcaB in Ig Gene Expression
Based on its ability to enhance Ig gene transcription (Figure 7A).
If OcaB interacts with all V octamers, then why is itboth in vitro and in transfected cell lines, OcaB was
proposed to regulate VH and V transcription in B lym- required for the expression of only some V genes?
Comparative and functional studies reveal that in addi-phocytes (Gstaiger et al., 1995; Luo et al., 1992; Pierani,
1990; Strubin et al., 1995). This view was challenged by tion to Oct-1, Oct-2, and OcaB, a plethora of ubiquitous
and cell-type specific factors regulate light chain genegene targeting studies showing only marginal defects
in Ig transcription or Ig production in OcaB/ and transcription (Bemark et al., 1998b). In the well-charac-
terized SP6 V promoter, for instance, the octamer motifOcaB/Oct-2/ mice (Kim et al., 1996; Nielsen et al.,
1996; Schubart et al., 1996a, 2001). Our experiments is surrounded by positive control elements believed to
interact with EBF, CBF-A, AP4, and PU.1 transcriptionshow that OcaB does in fact regulate transcription and
recombination of V genes, but that the extent of V factors (Aranburu et al., 2001). Yet, while the octamer
motif is conserved in all V promoters analyzed so farpromoter dependence on OcaB varies between individ-
ual promoters. (Thiebe et al., 1999), costimulatory elements are con-
fined to specific V families (Aranburu et al., 2001; Be-Dependence on OcaB is a function of the precise
sequence of the octamer motif (Remenyi et al., 2001; mark et al., 1998b; Franke et al., 1994; Schwarzenbach
et al., 1995; Sigvardsson et al., 1995). Despite theseTomilin et al., 2000). Structural studies have demon-
strated that Oct factors can dimerize on octamer ele- structural differences, it has been assumed that in the
proximity of an enhancer, Ig gene promoters fulfill thements in such a way as to permit or preclude OcaB
interaction with the promoter (Remenyi et al., 2001; Tom- same function with equal efficiency (Bemark et al.,
1998a). Our data clearly demonstrates this is not so;ilin et al., 2000). OcaB-permissive octamers or POREs
contain the consensus sequence ATTTGAAATGCAAAT, instead, we find that under physiologic conditions V
transcription is heterogeneous. This heterogeneity, whichwhereas OcaB-refractory octamers, known as MOREs,
OcaB Role in Ig Transcription and Recombination
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Figure 5. Relative Promoter Strength Determines OcaB Dependency
(A) Luciferase reporter plasmids (50 ng) containing the V4, V3-83, VHEL, or V8 promoters were transfected into 293T cells either alone
(left), with Oct-1 (middle), or with Oct-1 and OcaB (right). Fold activation (y axis) refers to the luciferase activity using untransfected cells as
baseline (not shown). 1 ng of Renilla plasmid control (Clonetech) was cotransfected for standardization in all experiments. Reporter vectors
and transfection strategy have been previously described (Tomilin et al., 2000).
(B) RNase protection assay performed with RNA isolated from splenic CD19 B cells from IgV8/h, Ig3-83/h, IgHEL/h, and IgV4/hOcaB/ mice.
Gene-specific and actin control radiolabeled antisense probes were hybridized simultaneously and samples were run on a 5% denaturing gel
(8.3 M urea). Numbers at the bottom of each column represent fold increase of V gene with respect to normalized actin control determined
by phosphorimaging analysis [fold  (V  background) / (Actin  background)].
(C) HEL complementation of V4 promoter. Luciferase reporter vectors containing the HEL (red, #1), V4 (yellow, #2), or hybrid HEL/V4
promoters (#3 to #6 as depicted) were cotransfected with Oct-1 into 293T cells.
(D) Linker-scanning analysis of promoter #6 (from C). The nucleotide region between the TATA and ATG (58 to 1, depicted) was scanned
by introducing a random sequence (ATTCCT) every 6 bp. These new promoter constructs were cotransfected with Oct-1 into 293T cells, and
the corresponding fold activation (luciferase expression) for each of the mutant plasmids was determined. RBS indicates ribosomal binding
site consensus sequence; 1 indicates first base upstream of ATG.
(E) In vitro transcription of HEL promoter-luc plasmid used in (A) (HEL, triplicate samples are shown), or a mutant wherein bases 11 to 16
were substituted by ATTCCT (HEL18, triplicates). The arrow shows the 100 bp product obtained by the reverse transcription reaction in
the presence of a luciferase gene-specific oligonucleotide.
(F) EMSA performed with an oligonucleotide containing the 18 bp motif (HEL18) incubated with HeLa (lanes 1 and 2, duplicates) or Namalwa
(lanes 3 and 4, duplicates) nuclear extracts. Arrow indicates the retarded band. Minus sign in lane 5 indicates that the probe was incubated
in the absence of nuclear extract.
(G) EMSA competition assays. The HEL18 end-labeled oligonucleotide was incubated with HeLa nuclear extracts alone (0) or in the presence
of increasing molar excess of unlabeled HEL18 oligonucleotide (left), a mutant form of this oligo (HEL18, middle), or the HEL octamer
DNA used in Figure 4D (right). Molar excess of cold oligonucleotides were, from left to right, 0-, 5-, 10-, 30-, 50-, 100-fold excess.
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Figure 6. Skewed V Repertoire in OcaB/ Mice
V family usage (% of total sequences) in B220IgMCD25Igh/h
preB cells purified by sorting from OcaB/ (red bars) and OcaB/
(yellow bars) mice and determined by genomic PCR using a V
universal primer in conjunction with J2- and J5-specific primers
as described (Chen et al., 1997). The number of sequences obtained
for each of the families is shown on top of each column. To determine
if the OcaB/ and OcaB/ values were independent of category
specification in the 11 V families analyzed, we applied Fisher’s
exact test. The corresponding p value for the whole data set is
0.0000, with a 99% confidence interval of (0.0000, 0.0005).
is most likely due to unequal distribution of costimulatory
elements among V genes, determines whether a partic-
ular light chain is functional in the absence of OcaB.
The VHEL and V8 promoters, which are unaffected
in OcaB/ mice, contain a previously uncharacterized
costimulatory 18 bp element located downstream of the
transcription initiation site. This element has a pro-
nounced stimulatory effect in V4 promoter activity in
transfected cell lines, even in the absence of OcaB. In Figure 7. V Octamer Motifs and Threshold Model
addition, this element binds to a factor present in the (A) Scheme representing the overall arrangement of the POU subdo-
nuclei of HeLa cells and Namalwa B cells and enhances main within the Oct-1:MORE and Oct-1:PORE crystal structures (top
transcription directly in vitro. Although this 18 bp ele- two) and the predicted LR36 heavy chain (Tomilin et al., 2000) and
V4, V3-83, VHEL, and V8 light chain octamer motifs bond byment is downstream of the initiation site and might also
Oct-1. The POUS domain (S) and the POUH (H) are indicated. Theaffect mRNA stability, we propose that this enhancing
POU subdomains belonging to one polypeptide chain have the sameelement renders OcaB redundant for V8 or VHEL
numbering and are connected by a linker.
expression in vivo. In contrast, transcription of genes (B) Under physiological conditions, the relative level of light chain
that lack such compensatory motif (V3-83 and V4) gene transcription varies (left) as a function of the quantity or quality
falls below required physiologic levels in the absence of cis-elements included in their promoters. Above a certain thresh-
old of gene transcription, cell surface expression and secondaryof OcaB.
recombination of light chain genes are permitted (plus sign). InWe would like to speculate that heterogeneity in V
OcaB-deficient mice, transcription of OcaB-dependent genes fallstranscription might have facilitated the evolution of di-
below the threshold, leading to no expression or editing of these
versity in this large gene family. The Ig loci are composed genes (minus sign).
of large number of genes thought to have evolved from
a burst of imprecise gene duplication followed by selec-
tion for mutations that enhance receptor diversity. Such OcaB. Highly active promoters might also be well toler-
ated because excess unpaired Ig protein remains inmutations would not be expected to be limited to the
antibody coding regions. Indeed, all Ig promoters ana- the endoplasmic reticulum and is degraded. Finally, Vs
expressed at very low levels would not support sufficientlyzed to date conserve only the octamer motif and a
TATA box and they show high levels of diversity (Thiebe membrane IgM expression to induce B cell develop-
ment.et al., 1999; Bemark et al., 1998b). Tolerance for mutant
promoters with a range of transcriptional activity, as
opposed to a single fixed rate of expression, would A Transcriptional Threshold
for V(D)J Recombinationpermit selection of a more diverse collection of genes.
Weakly detrimental mutations in the promoter might be Ig gene expression was proposed to be essential for
V(D)J recombination based on the direct correlation be-compensated by the enhancing activity of cofactors like
OcaB Role in Ig Transcription and Recombination
583
gene and promoter), E	, and MyoD were amplified in the presencetween the onset of germline transcription and antibody
of [32P]dATP. Products were analyzed on an 8% polyacrylamide gel.gene recombination (Blackwell et al., 1986; Schlissel
Primers used were V4 promoter 5
-AACTGTCTAGGCTATATCTTGand Baltimore, 1989; Yancopoulos and Alt, 1985). In
TTATTTG, 3
-TGTTGTATTTGAATTCAGGTAGCTAG; V4 gene 5
-
support of this model, targeted deletion of transcription TCTCTCTACGTTGCTTTTTTCCAG, 3
-CAATTTTGTCCCCGTGCCG
regulatory elements impairs both expression and re- AACGTGAATG; MyoD 5
-CGCCCTACTACACTCCTATTG, 3
-AAG
GTTCTGTGGGTTGGAATG; and E	 5
-GTAAGAATGGCCTCTCCcombination of TCR and Ig genes in vivo (Chen et al.,
AGG, 3
-ACAATCTAGTGTGGAACATTCCTC (30 cycles, Ta  60C).1993; Serwe and Sablitzky, 1993; Whitehurst et al., 2000;
Xu et al., 1996). Similarly, in IL7R/ mice, germline tran-
Methylation (SNuPE) Assayscription is specifically silenced in distant VH genes that
Genomic DNA was digested with PstI (or HindIII for C	), adjustedfail to recombine to DJH segments (Corcoran et al.,
to 0.25 ng/	l. After bisulphite conversion, V4 and C	 were PCR
1998). Again, V(D)J recombination can be induced in amplified with the following: V4, 5
-AGTGGTAGTGGGTTTGGGA,
nonlymphoid cells upon expression of the RAG1 and 3
-CTCTTTCTTCTACATTCCCCTTAC; C	, 5
-TTGAGGATAGGGGG
RAG2 plus the E2A transcription factor, although the TAAGTA, 3
-TTCCACAAACTTCCCATCCTTTA (35 cycles, Ta 
60C). PCR products were gel purified and sequenced. In a 25 	ltarget for E2A has not been determined (Romanow,
PCR reaction 10–50 ng of product were incubated for 1 cycle (95C2000). In spite of these observations, the requirements
1 min, 50C 2 min, 72C 1 min) with 1 	Ci of either [32P]dCTP orfor transcription as opposed to promoter loading or
[32P]TTP and 25 pmols of SnuPE primer. V4 SNuPE primer, GAGT
chromatin remodeling in V(D)J recombination have not TAGTGTGAAAATTGAG; C	 SNuPE primer, AATTTTAATGTAAAT
been determined. GTGTT. Samples were run on a 15% PAGE. TTP and dCTP incorpo-
In the absence of OcaB, the Ig chromatin domain ration was quantified by phosphoimager analysis.
is accessible as measured by DNA demethylation and
EMSAshistone acetylation. Furthermore, Oct-1 and the basal
For the octamer, probes containing the 5
 end of V4, V8, HEL,transcriptional machinery are recruited to light chain
and 3-83 promoters were annealed and filled in with [32P]dATP andgene promoters and the Iggenes are transcribed, albeit
Klenow. EMSA was carried out as previously described (Luo et al.,
at suboptimal levels. Nevertheless, V(D)J recombination 1992). Oligonucleotide probes were as follows: 8-1, CTGATGATAT
is impaired for a subset of V genes in the absence of TTTCTGTCAGCTTTGCATGGGTTCCTCCAGCCCA; 8-2, TCAGTGG
OcaB. Our data suggest that OcaB, a transcriptional GCTGGAGGAACCCATGCAAAGCTGACAGAAAATATCA; 4-1, CTG
ATAGGCTATATCTTGTTATTTGCATATCTCATTTTCAGTAA; 4-2, TCAcoactivator, controls antibody gene recombination by
GTTACTGAAAATGAGATATGCAAATAACAAGATATAGCCTA; 3-83-1,regulating the efficiency of V gene expression. Based
CTGATAGACTGTATCTTGCTATTTGCATATTTCATTTTCAGTAA;on these findings we propose that an opened chromatin
3-83-2, TCAGTTACTGAAAATGAAATATGCAAATAGCAAGATACAG
and a specific transcription threshold are required to TCTA; HEL-1, CTGATTGTATTTGCTGACTGCTTTGCATAAGTCTG
ensure Ig gene assembly. In the absence of OcaB, weak TCCAGTCAA; and HEL-2, TCAGTTGACTGGACAGACTTATGCAAA
promoters fall below this threshold while more potent GCAGTCAGCAAATACAA. PORE and MORE oligonucleotides were
as described (Tomilin et al., 2000).promoters, i.e., those equipped with additional tran-
For the 18 bp motif, binding reaction mixes (10 	l) contained 4%scription elements, retain sufficient activity to avert re-
Ficoll, 20 mM HEPES (pH 8.4), 60 mM HCl, 0.4 	g of poly dI-dC, 10combinational paralysis (Figure 7B).
fmoles of DNA end-labeled probe, and 1 	l of HeLa or Namalwa
nuclear extracts. Reactions were incubated at 30C for 30 min and
Experimental Procedures
run in a 4.5% 38:1 crosslinking gel. The 18 bp oligonucleotide probe
was as follows: 18-1, CTGAGCAGTGTCAAACAGCAGGGGGAGCA
Hybridomas and ELISAs
GGACGCGTGTGG; and 18-2, AGTCCCACACGCGTCCTGCTCCCC
Hybridomas and genomic PCR assays were as described (Prak and
CTGCTGTTTGACACTGC. Cold oligonucleotides were 18-1, CTG
Weigert, 1995). OcaB and Lyn genes before and after fusion were
AGCAGTGATTCCTATTCCTATTCCTAGGACGCGTGTGG; and 18-2,
amplified from hybridoma DNA with primers Lyn 5
-CATAGCCT
AGTCCCACACGCGTCCTAGGAATAGGAATAGGAATCACTGC.
GAGTTAGTTCCCTAGC, Lyn 3
-TCACATATGAACATGTGTGTACAT
GTC (35 cycles, Ta [annealing temperature]  60C), OcaB 5
-CTCC
In Vitro TranscriptionCCTACCCGGTAGAATTGACC, OcaB 3
-CTGCTGGAATGCTATAGA
Reaction mixes (25 	l) contained 40 mM Tris-HCl (pH 8.0), 60 mMGTGGTTC (40 cycles, Ta  64C).
KCl, 0.3 mM EDTA, 0.3 mM dithiothreitol, 12% glycerol, 3 mM MgCl2,Anti-dsDNA ELISA was performed as previously described (Prak
0.6 mM ribonucleoside triphosphates, 0.25 	g of supercoiled tem-and Weigert, 1995). Antibodies used for the anti-hC/mC ELISA
plate DNA, and 10 	l (200 	g of protein) of HeLa nuclear extract.were -human Ig (Pharmingen, 34171D) and -mouse Ig HRP
Reaction mixes were incubated at 30C for 1 hr. Reverse transcrip-(Southern Biotech, 1050-05).
tion was carried out in the presence of a luciferase specific primer,
GCACGCTGTTGACGCTGTTA. In vitro transcripts were isolated andStem Cell Infections and Reconstitution of RAG1/ Mice
run on a 5% denaturing gel.OcaB/IgV4/h donors were injected 5 days before bone marrow
harvest with 5 mg of 5FU (Sigma) in PBS. Retroviruses were pro-
Cell Culture and Luciferase Assayduced by transfecting Bosc 23 cells with 10 	g of plasmid DNA,
293T cells were transiently transfected in 48-well plates using 3and supernatants, harvested after 48 hr, were used to infect
	l of FuGene (Roche). Promoters were cloned into the 37tk-lucOcaB/IgV4/h bone marrow stem cells as described (Van Parijs,
enhancerless vector (Tomilin et al., 2000) and 50 ng used in each1999). Infected cells were transferred by tail vein injection into irradi-
transfection. One nanogram of Renilla Luciferase vector (Promega)ated RAG1/ (300 rad, Cs-137 source). Eight weeks later, isolated
was cotransfected as a control. The amount of DNA was equalized tosplenocytes were stained with anti-mC (PE), anti-hC (Biotin/SA-
300 ng with pBluescript. Thirty-six hours posttransfection, luciferaseAPC), and PcP-conjugated B220.
activity was measured by using the Dual-Luciferase Reporter Sys-
tem (Promega).Chromatin Immunoprecipitation (CHIP) Assay
Splenic B cells from OcaB/IgV4/h and OcaB/IgV4/h mice were
stained with -mC PE (Southern Biotechnology) and isolated with Repertoire Analysis
B220CD25IgM small preB cells from OcaB/Igh/h and-rat IgG microbeads (Myltenyi Biotech). DNA isolated from 2  106
cells was sheared to 200–1000 bp by sonication and processed OcaB/Igh/h bone marrow were purified to greater than 99% purity
by cell sorting using a FACSVantage. Lymphocytes were pre-using the Upstate Biotechnology H3/H4 Chromatin Immunoprecipi-
tation kit. Isolated DNA was diluted in a 5-fold series. V4 (knockin enriched with anti-B220 microbeads (Myltenyi Biotech) from five
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animals (6 week of age, males and females) of each phenotype. Gay, D., Saunders, T., Camper, S., and Weigert, M. (1993). Receptor
editing: an approach by autoreactive B cells to escape tolerance.Genomic DNA was isolated and V-Js amplified for 35 cycles (Tm
60C) with the following primers: V universal (Schlissel and Balti- J. Exp. Med. 177, 999–1008.
more, 1989) in conjunction with 2 GGTTAGACTTAGTGAACAA Gonzalgo, M.L., and Jones, P.A. (1997). Rapid quantitation of meth-
GAGTTGAGAA or 5 TGCCACGTCAACTGATAATGAGCCCTCTC. ylation differences at specific sites using methylation-sensitive sin-
gle nucleotide primer extension (Ms-SnupPE). Nucleic Acids Res.
RNase Protection Assay 25, 2529–2531.
V4-mC, V8-mC, 3-83mC, and HELmC cDNAs were cloned Goodnow, C.C., Crosbie, J., Adelstein, S., Lavoie, T.B., Smith-Gill,
in the 3
 to 5
 orientation with respect to the T7 promoter in Pro- S.J., Brink, R.A., Pritchard-Briscoe, H., Wotherspoon, J.S., Loblay,
mega’s TA vector and in vitro transcribed using the T7 MAXIscript R.H., Raphael, K., et al. (1988). Altered immunoglobulin expression
transcription system (Ambion) in the presence of [-32P]UTP and and functional silencing of self-reactive B lymphocytes in transgenic
hybridized at 42C overnight with 10 	g of total RNA isolated from mice. Nature 334, 676–682.
CD19 purified B cells. The mouse -actin gene control (Ambion)
Greiner, A., Muller, K.B., Hess, J., Pfeffer, K., Muller-Hermelink, H.K.,was used for normalization by phosphorimaging analysis.
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